This paper presents a new kind of differential-mode current injection test method. The equal response voltage on the cable or the antenna port of the equipment under test (EUT) is regarded as equivalent principle for radiation and injection test. The injection and radiation response analysis model and the injection voltage source extrapolation model in high intensity radiated field are established. The conditions of using differential-mode current injection as a substitute for radiation are confirmed. On the basis of the theoretical analysis, the function and structure design scheme of the directional coupling device is proposed. The implementation techniques for the single differential-mode current injection method (SDMCI) and the double differential-mode current injection method (DDMCI) are discussed in detail. The typical nonlinear response interconnected systems are selected as the EUT. The test results verify the validity of the SDMCI and DDMCI test methods.
Introduction
Bulk current injection (BCI) is a kind of traditional EMC test method. Essentially, the interference current is injected into the cable of the equipment to substitute for radiation susceptibility test [1, 2] . As a kind of complementary method, the core of the BCI research is how to keep the equivalence with the radiation test method in broader application range and higher precision [3] [4] [5] [6] . Although the traditional BCI method has been proposed for nearly half a century, there are still insufficiencies to substitute for the high intensity radiated field (HIRF) effects test. First, the application frequency range is limited. When the test frequency becomes higher, the injection and monitoring currents change to be sensitive to the position of the cable because of the standing wave, and the performance of the ferrite current probe descends severely. These factors make the testing precision and injection efficiency decline obviously [7] [8] [9] . Numerous studies show that when the test frequency is higher than 400 MHz, the present BCI method cannot satisfy the practical requirements [10, 11] . Second, the BCI method cannot accurately substitute for HIRF radiation effect test for nonlinear systems. At present, the BCI method is effective when the relation between the radiated field intensity and the induced current on the cable of the equipment is linear. Thus, the injection current substituted for HIRF could be extrapolated according to the linear corresponding relation. But the majority of equipment under the condition of HIRF is nonlinear. If the same test method is applied for the nonlinear system, it may cause considerable error because of dissatisfying the extrapolation condition. Third, the BCI method is a common-mode current injection test method. It means that the interference signal injected by the current probe is a common-mode signal [12] [13] [14] . This method cannot simulate the effects caused by the differential-mode interference signal received from the antenna. The application range of the BCI method is limited.
In conclusion, HIRF in large-scale test space is very difficult to simulate under the condition of laboratory. Meanwhile, there are still many insufficiencies for the traditional BCI method to carry out the injection susceptibility tests. Hence, our research team proposes a new kind of wideband differential-mode current injection test method for system level EMC test.
Theoretical Analysis Model
The theoretical equivalent principle between the injection and radiation test method is the equal response of the equipment [15] [16] [17] . The engineering equivalent principle is the same effects caused by the two test methods. If the response voltage or the induced current on the cable port of the equipment could be ensured to be equal, the equivalence of the two test methods can be achieved [18, 19] . In this paper, the equal response voltage on the cable port of the equipment is selected as the equivalent principle of the two test methods finally.
Equivalence Analysis Model between the Injection and Radiation
Response. In this paper, the typical interconnected system is composed of two types of equipment and the interconnected cable. It is shown in Figure 1 . It is assumed that equipment B is the EUT and equipment A is either the interconnected equipment or the receiving antenna. In order to calculate the radiation response voltage of the equipment B, the interconnected system is divided into two parts at the position of A-A reference plane. A-A is located at the input port of the equipment B. The left branch of A-A can be equivalent to the Thevenin equivalent circuit. It is shown in Figure 2 According to the transmission line theory, the input impedance SR can be calculated as follows:
where Γ A is the reflection coefficient of the equipment A, C is the characteristic impedance of the transmission line, is the transmission line length between A-A and the equipment A, and is the propagation constant. The open-circuit voltage SR can be calculated with the BLT equation [20] [21] [22] . Assuming that A-A port is open, that is, Γ B = 1, the open-circuit voltage SR caused by the transmission line coupling can be calculated as follows: 
In (2) and (3), there is a linear relation between 1 , 2 , 0 , and the radiated electric field intensity [20, 21] . We define that the linear transfer function between SR and is . Hence, the open-circuit voltage SR can be simplified as follows:
Therefore, in Figure 2 (a), the radiation response BR on the impedance B can be derived as follows:
According to the above radiation analysis process, under the condition of the injection test, the equivalent circuit can be easily obtained. It is shown in Figure 2 (b), where SI is the injection voltage source, SI is the equivalent impedance, and BI is the injection response of equipment B. The injection response BI can be derived as follows:
According to the equivalent principle of the two test methods, that is, BI = BR , the equivalent injection voltage source SI can be derived as follows:
Equation (7) confirms the equivalent relation between injection voltage SI and radiation electric field intensity theoretically, which guarantees the equivalence between the injection and the radiation effects test.
Injection Voltage Source Linear Extrapolation Model.
Wideband differential-mode current injection testing technique proposed in this paper is used to substitute for high intensity radiated effects test. The crucial question is how to acquire the equivalent injection voltage source SI . According to the above equivalent ideas, we plan to acquire SI by extrapolating SI which is used to substitute for low intensity radiated effects test. Generally speaking, the majority of systems are nonlinear systems under the condition of HIRF. It means that the response voltage on the system ports will not keep linear relation with the radiated field. Thus, for nonlinear systems, how to extrapolate the injection voltage source SI is the crucial problem.
As we know, the electromagnetic radiation effects on equipment mainly include interference, degradation, failure, and damage. On the basis of theoretical analysis and experimental research for typical nonlinear systems, the action process of electromagnetic radiated energy can be divided into two subprocesses. One is the field to wire coupling International Journal of Antennas and Propagation process, and the other is the circuit response process of the module and device. The radiation response process is shown in Figure 3 . According to the electromagnetic field theory, the field to wire coupling is a linear process, and the circuit response of the module and device is a nonlinear process. If the excitation effects of the injection source SI and the lumped radiation source SR can be guaranteed equal at the input port of the module and device, the nonlinear circuit response in the injection experiment will be the same as in the radiation experiment. Under the condition of HIRF, in order to ensure the effect excited by injection source is the same as excited by the lumped radiation source, according to (5) and (6), two conditions must be satisfied. One is the same open-circuit voltage. The other is the same voltage division rate in the radiation and the injection test.
For the reason that SR is the equivalent lumped voltage source obtained in the linear process of the field to wire coupling or antenna receiving, the injection voltage source SI applied to substitute for HIRF radiation test can be obtained by linearly extrapolating from SI . The SI is used to substitute for the low intensity radiated field effects test; SI = SR . So there is no problem to satisfy the first condition. For the second condition, in order to guarantee the same voltage division rate under the condition of different excitation intensity, it is required that the output impedance of the injection voltage source is equal to the lumped radiation voltage source; that is, SI = SR . When the above two conditions can be satisfied, the equivalence between the differential-mode current injection test and HIRF radiation effect test will be guaranteed definitely.
Design for Supporting Equipment
Directional coupling device (DCD) is the supporting equipment for the wideband differential-mode current injection test. The typical connection mode is shown in Figure 4 . On the premise of normal working status for the interconnected system, the differential-mode current injection test for equipment B can be carried out via the injection port of the DCD.
In order to satisfy the requirements of substituting the differential-mode current injection test for the radiation test, the DCD should contain the following ports. First, the DCD should contain the pass-through ports which are used to transmit the working signal between the interconnected equipment. It requires that the insertion loss is smaller than 0.5 dB. Second, the device should contain the injection port which is used to inject the differential-mode interference signal to the equipment B. It requires that the frequency band of the injection port is sufficient and the injection signal coupled into the equipment B is distortion-free. Third, the device should contain the monitoring port which is used to monitor the forward voltage signal on the transmission line of the interconnected system. It also requires that the frequency band is sufficient, and the monitoring signal is distortion-free.
According to the above function requirements of the DCD, the design scheme based on the directional coupler theory is confirmed. The DCD can be composed of two directional couplers. It is shown in Figure 5 . From port 1 to port 2 of the DCD is the pass-through channel. It is used to transmit the working signal between the equipment A and equipment B. Port 4 is the injection port. It is used to inject the differential-mode interference signal to equipment B. Port 5 is the monitoring port. It is used to monitor the forward voltage signal on the transmission line of the interconnected system. Port 3 and port 6 are the isolation ports. They will be connected with the matched loads when the DCD is in use. The above six ports DCD can be regarded as lossless and reciprocal network. The scattering matrix S of the DCD satisfies the characteristic of symmetry and unitarity; that is, S T = S and S T S * = 1. According to the technology requirements of the DCD, the insertion loss between port 1 and port 2 is not bigger than 0.5 dB. So the parameters 21 and 12 satisfy the equation as follows:
Port 4 is the injection port. It is used to inject differentialmode interference signal to equipment B. It requires higher injection efficiency, so the coupling coefficient should be as small as possible. However, too small coupling coefficient cannot satisfy the insertion loss requirement between port 1 and port 2; that is, 21 = 12 ≥ 0.944. Taking all these into account, the coupling coefficient of port 3 and port 4 is selected as 10 dB.
According to the transmission characteristic of the traditional symmetrical directional coupler, the phase shift between the coupling channel signal and the main channel signal is 90 ∘ . If the pulse signal transmits in the main channel, the output signal waveform of the coupling port will change obviously [23] . Thus, the antisymmetry directional coupler design scheme is adopted in this paper. It makes the phase shift between the forward coupling signal and the main channel signal be 0 ∘ and the phase shift between the backward coupling signal and the main channel signal be 180 ∘ . It is assumed that port 4 is the forward coupling port of the main channel from port 2 to port 1 and port 5 is the forward coupling port of the main channel from port 1 to port 2. The directions of the two arrows in Figure 5 show the forward direction of the two antisymmetry directional couplers separately. Assuming that the 21 parameter is a positive real number, the 31 parameter is a negative real number. If the coupling coefficient of port 3 and port 4 is 10 dB, it can be derived that 31 = − √ 0.1.
According to the unitarity of the scattering matrix S, considering the insert loss requirement of 21 ≥ 0.944, it can be derived as follows:
For the phase shift between the forward coupling signal and the main channel signal which is 0 ∘ , considering the energy coupling action of port 3, the parameter 51 can be derived as follows:
where is the coupling coefficient of port 5 and port 6. Considering the manufacturing technology and the convenience for application, the coupling coefficient of port 5 and port 6 is confirmed to be 20 dB.
International Journal of Antennas and Propagation From the above analysis process, the scattering matrix S of the six ports DCD can be calculated as follows: 
Implementation Technology of SDMCI
Because of the directional injection characteristic of the DCD, the single differential-mode current injection (SDMCI) method is used to carry out injection test only for one end equipment in the interconnected system. The typical application is to carry out differential-mode current injection test for antenna receiving system. The test configuration of the SDMCI is shown in Figure 6 . It can simulate the effects caused by the interference signal received from the antenna when the antenna receiving system is in the normal working condition.
Equivalent Condition Analysis When DCD Is
Inserted into the Interconnected System. The forward voltage signal extraction, interference signal injection, and normal transmission signal monitoring are realized with the support of the DCD. However, whether it satisfies the equivalent condition discussed above or not is the crucial problem, which is analyzed as follows. The DCD can be equivalent to six ports black box network. The equivalent circuit model is shown in Figure 7 , where 1 , 2 , 4 , and 5 are the reference plane at different ports of the DCD, 3 and 6 are the matched load, 5 is the input impedance of the oscillograph, SI is the open-circuit voltage of the injection voltage source, and 4 is the internal impedance of the injection voltage source.
As for the radiation test, the left part of the reference plane 1 can be equivalent to the source wavê1 R and the reflection coefficient Γ 1 . It also can be equivalent to the open-circuit voltage SR and the source impedance 1 . Similarly, as for the differential-mode current injection test, the top part of reference plane 4 can be equivalent to the source wavê4 I and the reflection coefficient Γ 4 . It also can be equivalent to the open-circuit voltage SI and the source impedance 4 . Therefore, the equivalent circuit model for the radiation and injection test is shown in Figure 8 . It can be seen that the network model without source is the same in the radiation and injection test. The difference is that the equivalent source is located in the different ports of the DCD.
On the basis of the equivalent source wave theory in microwave engineering [24] , under the condition of the radiation and injection test, the relation between the equivalent source wave and equivalent voltage source is as follows:
In order to analyze the response of the equipment B, the left part of the reference plane 2 is required to simplify further. In the radiation test, the left part of 2 is equivalent to the source wavê2 R and the reflection coefficient Γ 2R . In the injection test, the left part of 2 is equivalent to the source wavê2 I and the reflection coefficient Γ 2I . It is shown in Figure 9 . According to the equivalent source wave theorem [24] , 2R ,̂2 I , Γ 2R , and Γ 2I can be derived as follows:
It is defined that the matrix D = 1 − SΓ, where Γ is a diagonal matrix. The elements of Γ are the load reflection coefficient on different ports of the DCD. In (15) to (17), ( ) is a determinant that the column of the matrix D is changed to be the column of the matrix S. ( ) is also a determinant that the column and row of the matrix D are deleted. As can be seen from (17) , when the DCD is inserted into the interconnected system, the reflection coefficient Γ 2R is equal to Γ 2I . It means that the output impedance of the equivalent excitation source is the same under the condition of the radiation and injection test. Hence, the second equivalent condition (i.e., SI = SR ) discussed above can be satisfied.
According to the equivalent circuit model in Figure 9 , the radiation response BR and the injection response BI of the equipment B can be derived as follows:
According to the equivalent principle of the two test methods (i.e., BI = BR ), from (13) to (18) , the corresponding relation between the equivalent injection voltage source SI and the lumped radiation voltage source SR can be derived as follows:
If the equipment A is an antenna or a transmitter, the reflection coefficient Γ A usually remains unchanged. In addition, the parameter of the DCD is constant. According to (19) , the relation between SI and SR is linear.
From the above analysis process, when the DCD is inserted into the interconnected system, under the condition of unchanged reflection coefficient Γ A , the relation between the injection voltage SI and the radiated field intensity is always linear. Therefore, the injection voltage source obtained by the linear extrapolation satisfies the first equivalent condition for the radiation and differential-mode current injection test. 
Feasibility Analysis on Using the Monitoring Port Response
Voltage of the DCD as Equivalent Principle. The equivalent principle for the radiation and injection test in this paper is the equal response voltage on the input port of the equipment B. However, it is very hard for us to directly monitor the input port response voltage in engineering. In order to make the SDMCI method applicable in the practical engineering test, other transmission signals which can be easily monitored should be selected as equivalent principle. The introduction of the DCD solves the problem.
The port 5 of DCD is used to monitor the forward voltage on the transmission line. In this paper, the equal response voltage on port 5 is defined as the equivalent principle for the SDMCI and radiation test. The following article proofs the correctness of using the port 5 response voltage as the equivalent principle. According to the equivalent circuit model in Figure 8 , as for the reference plane 5 , the radiation equivalent source wavê5 R and the injection equivalent source wavê5 I that transmit to the direction of impedance 5 can be derived as follows: 
Assuming that the coupling coefficient of port 4 and port 5 is and separately and the unit is dB, then 51 24 = 54 21 = √ (1 − 10 − /10 ) (1 − 10 − /10 ) 10 −( + )/10 ,
Under the condition of the radiation and injection test, the response voltages MR and MI on monitoring port 5 can be derived as follows:
It is assumed that MR = MI ; then the relation between SI and SR can be derived from (22) as follows:
It can be seen that (23) is equal to (19) . It means that the radiation response BR is equal to the injection response BI . Therefore, the above theoretical derivation processes verify the correctness of using the port 5 response voltage as the equivalent principle.
Test Procedure of SDMCI
Step 1. Carry out the low intensity radiation pretest for interconnected systems. The radiated field intensity is selected as
Step 2. Obtain the equivalent corresponding relation between injection voltage and radiated electric field intensity. The differential-mode current injection test is carried out through injection port 4 of the DCD. The output response MI on the monitoring port 5 is measured at the same time. When MI = MR , the injection voltage SI is recorded. The equivalent relation between the injection voltage and the radiated field intensity can be described as = SI / 1 .
Step 3. Finish the SDMCI test for interconnected systems. If the high intensity radiated field for ultimate examination is 2 , then the equivalent injection voltage can be calculated by the equation SI = 2 . Therefore, the SDMCI test can be carried out finally with the equivalent injection voltage SI through the injection port 4 of the DCD.
Implementation Technology of DDMCI
In order to carry out differential-mode current injection test for two types of equipment interconnected by a cable simultaneously, the double differential-mode current injection test (DDMCI) method is proposed in this paper. The test configuration of the DDMCI is shown in Figure 10 .
Two directional coupling devices are connected with equipment A and equipment B separately. The equivalent In order to ensure that the injection response is equal to the radiation response of equipment A and equipment B, two injection voltage sources U SLI and SRI are required to satisfy certain amplitude and phase relation. The detailed test procedure of DDMCI method is summarized as follows.
Step 1. Carry out low intensity radiation pretest for interconnected system. The radiated electric field intensity is selected as 1 which can ensure the responses of equipment A and equipment B are in the linear region. The amplitude and phase on the left and right monitoring ports of the DCDs are recorded as 5LR , 5RR , 5LR , and 5RR .
Step 2. Obtain the equivalent corresponding relation between injection voltage and radiated electric field intensity. First, the interconnected system is carried out injection test through port 4L with the left injection voltage source. The amplitude 5LI and phase 5LI on the monitoring port 5L are measured. When 5LI = 5LR and 5LI = 5LR , the amplitude and phase of the left injection voltage source remain unchanged. Second, the interconnected system is carried out injection test through port 4R with the right injection voltage source. The amplitude 5RI and phase 5RI on the monitoring port 5R are measured. When 5RI = 5RR and 5RI = 5RR , the amplitude and phase of the right injection voltage source remain unchanged. Third, repeat the first and the second steps until the conditions of 5LI = 5LR , 5RI = 5RR , 5LI = 5LR , and 5RI = 5RR are satisfied simultaneously. Fourth, the amplitudes SLI and SRI and the phases SLI and SRI of the two injection voltage sources are recorded finally. The corresponding relation between equivalent injection voltage and radiated electric field intensity can be calculated by L = SLI / 1 and R = SRI / 1 .
Step 3. Finish the DDMCI test for interconnected system. If the high intensity radiated field for ultimate examination is 2 , then the left and right equivalent injection voltage sources can be calculated by SLI = L 2 and SRI = R 2 . The phase difference between the two injection voltage sources satisfies Δ = SLI − SRI . Finally, the DDMCI test can be carried out through the injection ports 4L and 4R of the DCDs, and it is equivalent to the 2 radiation test.
Experimental Verification

The Linear Relation Verification between the Equivalent Injection Voltage and the Radiated Field
Intensity. The interconnected system under test is a typical nonlinear response system. It is composed of a receiving antenna, a coaxial cable, and RF front-end components. The RF front-end components include a clipping filter, an attenuator, a low noise amplifier (LNA), a sensitivity controller, a directional coupler, and a clipping amplifier. They are integrated together in one container. It is assumed that the receiving antenna is the equipment A 1 and the container of the RF front-end components is the equipment B 1 . Because of the nonlinear response characteristic of the clipping filter, LNA, and so on, the above nonlinear response interconnected system is suitable to carry out the verification test.
The single frequency continuous wave radiation test and the differential-mode current injection test are carried out separately for the interconnected system. The radiation and injection configuration diagrams are shown in Figures 12 and  13 . The output response of equipment B 1 is monitored by the spectrum analyzer. The relation curves between the radiated electric field intensity, the injection voltage, and the output response of equipment B 1 are recorded separately.
The equal output response of equipment B 1 for the radiation and injection test is regarded as the equivalent principle. According to the result of the data processing, the relation curves between the equivalent injection voltage, the output response of equipment B 1 , and the radiated electric field intensity are shown in Figure 14 .
It can be seen form Figure 14 that the relation between the radiated electric field intensity and the output response of equipment B 1 is nonlinear. In contrast, the relation between the radiated electric field intensity and the equivalent injection voltage is linear. In addition, a small number of data points which are in the saturation region do not strictly accord with the linear relation. We believe that it is caused by experimental error. The reason is that the output response of the equipment B 1 is not sensitive to the radiated field intensity or the injection voltage when the equipment B 1 works in the saturation region. It means that two different input signals can produce almost the same output response. In conclusion, even for the nonlinear response system, the corresponding relation between the equivalent injection voltage and the radiated electric field intensity at different frequency points is still linear.
The Validity Verification for SDMCI Test Method.
The interconnected system under test is also the above nonlinear response system. The validity verification for SDMCI can be conducted as follows. First, the traditional radiation test is carried out for the interconnected system. The radiation response curve of the equipment B 1 from the linear region to the saturation region can be obtained. Second, according to the above SDMCI test method, the injection response curve of the equipment B 1 from the linear region to the saturation region can also be abstained. Third, by calculating and analyzing the output response error of the two test methods, the validity of SDMCI method can be verified.
The response curves of the equipment B 1 under the condition of radiation and the SDMCI test at the frequency point of 3.3 GHz, 4.0 GHz and 5.6 GHz are shown in Figure 15 . It can be seen that the output response curve obtained by the SDMCI test is almost exactly the same as that obtained by the radiation test. In order to analyze the error of the SDMCI test method, the test data in Figure 15 are processed. The output response relative error for the SDMCI test method is shown in Table 1 . As can be seen from Table 1 , the relative error is International Journal of Antennas and Propagation small and the biggest one is 2.39%. The error comes from the performance fluctuation of the RF front-end components, the noise of active device, the reading error of instrument, and so on. There is no systematic error for the SDMCI test method.
The Validity Verification for DDMCI Test Method.
Two satellite-borne RF front-end low-noise amplifier modules are selected as equipment A 2 and equipment B 2 which are connected by a coaxial cable. It is important to note that this kind of interconnected system does not exist in engineering.
The designed interconnected system is only for experimental verification in the extreme condition. The radiation test configuration is shown in Figure 16 . The coaxial cable under test is placed in the shielded room. It is connected with port 1 of the DCD through the interface board. Port 2 of the DCD is connected with the equipment under test. The output port of the equipment is connected with spectrum analyzer (SA) which is used to monitor the output response of the equipment. Outside the shielded room, vector network analyzer (VNA) is used as transmitter and receiver. Port 1 of the VNA is used as signal generator. It is connected with radiation antenna in the shielded room through power amplifier. The radiation antenna is placed ahead of the coaxial cable under test. Port 2 of the VNA is used as receiver. It is connected with the monitoring port of the DCD. The amplitude and phase difference of the two monitoring ports of the DCDs can be obtained by testing the parameter 21 . The DDMCI test configuration is shown in Figure 17 . Port 1 of the VNA is used as injection signal source. In order to carry out differential-mode current injection test for the two interconnected types of equipment simultaneously, the injection signal is divided into two circuits by the power divider. They are connected with the injection ports 4L and 4R of the DCDs separately. In order to ensure that the two 
Conclusions
The theory, model, method, and implementation technique of the wideband differential-mode current injection test technology are systematically studied in this paper. The injection and radiation response analysis model and the injection voltage source extrapolation model in HIRF are established. The conditions of using injection as a substitute for radiation are confirmed. The equivalent injection voltage source can be obtained by the linear extrapolation. The function and structure design scheme of the directional coupling device (DCD) is proposed. The forward voltage extraction, interference signal injection, and normal transmission signal monitoring in the interconnected system are realized with the support of DCD. On the basis of the above research, the SDMCI test method and the DDMCI test method based on the DCD are summarized. The typical nonlinear response systems are selected as EUT. The test results indicate that Figure 18 : The radiation and DDMCI response curve of equipment A 2 .
the biggest output response relative error is smaller than 5%. They verify the validity of the SDMCI and the DDMCI test methods.
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